Abstract
Introduction
Periodic mechanical stress can improve the quality of tissue-engineered cartilage by promoting chondrocytes proliferation and matrix synthesis [1] [2] [3] . Numerous studies have recently attempted to elaborate the mechanisms underlying chondrocytes mechanosensing and signaling in response to periodic mechanical stimuli. Chaturvedi et al. demonstrated an association between ERK1/2 and cyclic mechanical strain-induced pulmonary epithelial integrins acted as mechanotransducers in microscope following staining for collagen type II, according to the conventional ABC method. Secondgeneration cells were seeded onto sterile glass coverslips (25 mm × 25 mm) coated with type II collagen at a density of 10 5 cells. The chondrocytes were then cultured for 3 days under no-pressure conditions (group A) or under periodic mechanical stress (group B) for 8 h/day, lasting 3 days, prior to reverse transcriptionpolymerase chain reaction (RT-PCR) analysis for aggrecan and type II collagen gene expression, CCK-8 assay, direct cell counting, and proteomic analysis. Regarding to inhibite the mechanical maturation of focal to pretreat the chondrocytes. All experiments involving animals were performed according to the guidelines of the National Institutes of Health and Nanjing Medical University, and all protocols were approved by the Institutional Animal Care and Use Committee of Nanjing Medical University (Nanjing, China).
Protein preparation and digestion
Total cell protein extract was lysed on ice in SDT buffer (4% sodium dodecyl sulfate (SDS), 1 mM dithiothreitol (DTT), 150 mM Tris-HCl pH 8.0) and subsequently centrifuged for 15 min at 14, 000 × g. The total protein concentration was determined by BCA protein assay. Protein digestion was performed and heated at 95°C for 5 min. Each sample was cooled to room temperature and loaded onto a 10-kDa by centrifugation at 14, 000 × g at 20°C for 15 min. Iodoacetamide solution (100 µL 50 mM in UA buffer) was then added to block reduced cysteines. The samples were oscillated at 600 × g for 1 min and incubated was transferred to a new tube and centrifuged at 14, 000 × g at 20°C for 10 min. The resulting peptide concentrations were estimated by UV light spectral density at optical density 280 nm.
iTRAQ labeling
The resulting peptide mixture was labeled using 8-plex iTRAQ reagent (AB SCIEX) according to the manufacturer's instructions. Two samples from the no-pressure group (A1, A2) were labeled with mass 113 and 114 isobaric iTRAQ tags, while three samples from the pressure group (B1, B2, B3) were labeled with mass 115, 116 and 117 isobaric iTRAQ tags. The labeling solution was incubated at room temperature for 2 h before further analysis.
Strong cationic-exchange (SCX) chromatography

PO 4
Buffer B (500 mM KCl and 10 mM KH 2 PO 4 in 25% ACN, pH 2.7) for 10 min, 10%-20% Buffer B for 10 min, 20%-45% Buffer B for 5 min, and 45%-100% Buffer B for 5 min. The elution was monitored by absorbance mode, with a selected mass range of 300-1800 mass/charge (m/z). Dynamic exclusion was used with 30.0 s duration. Q-Exactive survey scans were set as 70, 000 at m/z 200 and 17, 500 at m/z 200 of resolution for higher energy collisional dissociation spectra. MS/MS data were acquired using a data-dependent acquisition method using the top 10 most abundant precursor ions. The normalized collision energy was practiced using the MASCOT search engine (version 2.2; Matrix Science, was carried out using the following parameters: peptide mass tolerance = ± 20 ppm; fragment mass tolerance
LC-ESI-MS/MS analysis
Bioinformatics analysis
The sequence data for the selected differentially expressed proteins were retrieved in batches searched against the SwissProt Mammal database (rat) using NCBI BLAST client software (ncbiblast-2.2.28-
Lentivirus transfection
Chondrocytes were plated at a concentration of 10 5 cells/well into six-well plates and allowed to respective control vectors (negative shRNA vector and blank vector) in serum-free medium. At 12 h after transfection, all the media were changed to and the expression of targeted genes and proteins was assessed by RT-PCR and western blot analysis.
Direct cell counting
Cells were trypsinized and counted according to published protocols 4 . Differently pretreated chondrocytes were seeded onto glass slides (25 mm × 25 mm) coated with type II collagen at a density of 10 5 cells, and divided randomly into non-pressure-and pressure-treated groups. After 3 days culture, cells were trypsinized and counted, and the cell number was determined by counting cells from each glass slide independently.
CCK-8 assay
Cell proliferation was determined using CCK-8 solution according to the manufacturer's instructions plates (n = 6) and incubated for 4 h at 37°C. The absorbance of each well was determined at 450 nm using a microplate reader.
Total RNA was extracted using TRIzol reagent (Invitrogen, San Diego, CA, USA) according to the used as a housekeeping gene and relative expression levels of mRNAs were calculated using the comparative
Western blot analysis
Total protein was prepared and western blot analyses were performed as described previously [48] . Total protein was prepared using RIPA buffer, and protein concentrations were determined using the BCA assay. Protein samples were resolved using SDS-polyacrylamide gel electrophoresis, and transferred to incubated with antibodies (1:1, 000 dilutions for all antibodies) overnight at 4°C. Blots were incubated with HRP-conjugated secondary antibody at ambient temperature for 1 h, and colors were subsequently developed with ECL. Results were scanned using a gel imaging system (UVP LLC, Upland, CA, USA) and
Gross morphology and wet weight
continuously detected by photography to evaluate macroscopic morphology. At the end of the 6-week culture period, differences in wet weight between specimens were assessed using an electronic balance.
GAG content [40] . The samples were rinsed with double-distilled H2O and lyophilized for 12 h, followed by the addition of 1 mL cold H 2 O and incubation at 4°C in a microcentrifuge tube overnight. After lysing by repeated cycles of freeze-thawing and sonication, samples were centrifuged at 8, 000 rpm for 3 min. The supernatants were collected and 25 mL of the supernatant was mixed with 5 mL NaCl (2.3 M) and 200 mL 9-dimethylmethylene blue chloride solution (Sigma-Aldrich). The absorption at 520 nm was then measured using a spectrophotometer. A standard curve of known concentrations of chondroitin sulfate B (Sigma-Aldrich) was run concurrently and used to determine the concentrations of unknown samples.
Histological and immunohistochemical analyses
The glass coverslips with chondrocytes or engineered cartilage samples were washed with phosphate-2 O 2 and methanol for 10 min to block endogenous peroxidase, and then incubated for 30 min with serum-blocking solution. The sections were then incubated with primary antibodies (Abcam, ab34712, 1:200 dilutions for all antibodies) for 1 h, followed by incubation with HRP-conjugated anti-rabbit secondary antibodies for 30 min. Bound antibodies were visualized by incubation with DAB for 10 min. All the incubations were performed at room temperature.
Scaffold preparation
To promote cell attachment, scaffolds (length 8 mm, height 2 mm polylactide-polyglycolic acid 9:1, with PBS, dried, and stored in a desiccator before cell seeding.
In vitro construction of engineered cartilage
Rat chondrocytes at passage two were seeded into the scaffolds at a density of 5 × 10 7 cells/cm 3 , with a total of 6.4 × 10 6 cells per scaffold. To promote complete adhesion of cells to the scaffolds, the cell-scaffold constructs were then incubated at 37°C under 5% CO 2 2 . The medium was replaced every 2 days and the constructs were cultured for up to 6 weeks for further evaluation.
Results
Proteomic analysis and validation
We used iTRAQ combined with LC-MS/MS to identify differentially expressed proteins in chondrocytes under periodic mechanical stress. To ensure high quality of samples, determined aggrecan and collagen II expression by qPCR analysis, and detected chondrocytes proliferation via cell counting and CCK-8 assay. In line with our previous research, pressure increased expression levels of aggrecan and collagen II in chondrocytes and promoted their We then digested equal amounts of proteins from normal and mechanical stressed chondrocytes with trypsin and labeled the resulting peptide mixture with iTRAQ reagents. The iTRAQ-labeled peptides were fractionated by SCX chromatography and the eluted fractions were analyzed by LC-MS/MS. The recognized peptides were then searched against changes of protein expression were determined as the ratios of iTRAQ reporter ions between the normal and stressed samples. Using a threshold (B/A) of 1.2-fold change and a p value proteins in terms of their involvement in three main categories (biological process, cellular component, and molecular function) and each protein was assigned at least one term. More than 75% (429 proteins) were annotated as belonging to the cell compartment, and the other two main categories of these proteins were the organelle (368 proteins) and membrane (334 proteins) compartments. The top three molecular functions were binding (393 proteins), catalytic activity (160 proteins), and hydrolase activity (61 proteins), and
Considering that different proteins interact and cooperate to complete biochemical (22 proteins, p < 0.01), focal adhesion (17 proteins, p < 0.01), and the PI3K-Akt pathway (17 in the MAPK signal pathway, which has an established role in periodic mechanical stress transduction. After lentivirus pretreatment, we examined the proliferation and matrix synthesis of chondrocytes exposed to mechanical stress or under static conditions. Stimulation by cyclical stress strongly increased chondrocyte proliferation, as well as aggrecan and type II Immunocytochemical staining to measure collagen II levels produced results in accord with
The molecular mechanisms of Grb2 medicating mechnosensory process
[24, MAPK, which is an important signaling pathway leading to the proliferation and matrix synthesis of chondrocytes when exposed to periodic mechanical stress [26, 27] . We therefore hypothesized the stimulation of MAPK pathway. To clarify the molecular mechanisms of mechnosensory exposed to cyclic mechanical stress, whereas their activations were unaffected in stationary culture Integrin is the main mechanical signaling receptor on the cell surface and plays an important role in mechanical stress signaling [28] [29] [30] . We thus studied the relations between microscopy was > maturation of focal adhesions, the Western blot and qPCR results showed the increase of
Effects of up-regulation Grb2 on construction of tissue-engineered cartilage under periodic mechanical stress in vitro
by chondrocytes in a scaffold after 6 weeks of culture under periodic mechanical stress and recorded differences further examined the engineered cell/scaffold constructs formed under periodic mechanical stress by staining with HE and safranin-O, the immunocytochemical staining for collagen II was also be used. We observed typical cartilaginous metachromasia in engineered tissues surrounding lacunae formed in the in response to periodic mechanical stress, II collagen showed a 
Discussion
The mechanosensing and signaling mechanisms in chondrocytes have been researched extensively over the past few years. However, an integrative, systems-wide description of mechanosening is lacking . In the current study, we applied proteomic research to analyze the interactions between the involved proteins in the chondrocytes under pressure and As we know, cells perceive information about the biophysical properties of their microenvironment through integrinmediated cell-matrix adhesions which comprise a diverse proteins and known as "integrin adhesome". Horton ER et al. have integrated several integrin adhesion complexes proteomes and generated a 2412-protein integrin adhesome [18] . Analysising of this data set we found that 32%(155/485) differentially expressed proteins detected in our proteomic analysis were the components of integrin adhesome, demonstrating that mechanosensing and sigcomplex, demonstrated a 1.49-fold change in response to mechanical stress. s cells [31] . It plays important roles in many basic cellular functions, such as cell proliferation and angiogenesis, by regulating receptor tyrosine kinase signaling. Also In this study, we changed transfected chondrocytes to periodic mechanical stress. Proliferation, matrix synthesis and chondrocytes proliferation or matrix synthesis without mechanical stimulus. These results suggest that periodic mechanical stress is a decisive factor in improving the quality of Unlike previous studies, our results indicated that mechanical stimuli even can increase the previous works. The diversity of cell types and mechanical stimuli conditions used in those researches may also had impacts.
determined.
MAPK casc in our previous research, so we examined the phosphorylation of Shc additionally and the and ERK1/2 phosphorylation and the subsequent acceleration of chondrocytes proliferation and matrix synthesis in the presence of cyclic mechanical stress. cells, the elevated expression in response to mechanical stimuli hasn't been reported yet and the mechanism need to be explored. The adhesive interactions of cells with their environment through the integrin family of transmembrane receptors have key roles in regulating multiple aspects of cellular physiology, including cell proliferation, viability, differentiation and and our previously studies revealed that mechanical induced proliferation and matrix was associated with integrin. As expected, we observed the stress-induced enhancement inhibited the mechanical maturation of focal adhesions via blebbistatin and the increase of this data. engineered cartilage under periodic mechanical stress in vitro [40] . That result prompted us to explore if the quality of tissue-engineered cartilage constructed in vitro could be increased by a parallel gene method. As the above results showed, the proliferation, matrix chondrocyte cultures when exposed to periodic mechanical stress. We therefore detected in vitro tissue-engineered cartilage in 3D culture exposed to periodic mechanical stress. In addition to the above, Our iTRAQ data also found other proteins associated with which increased nearly two-fold in chondrocytes exposed to periodic mechanical stress, [41] , while syntenin-1, which showed cells [42] [43] [44] . mechanotransduction in chondrocytes under periodic mechanical stress.
under cyclic mechanical stimuli. However, it was subject to some limitations. The current quantitative proteomic analysis just distinguished differences in protein expression between pressure-treated and non-pressure groups, and did not detect differences in protein phosphorylation. The detailed and precise mechanisms responsible for the periodic in vivo.
Conclusion
We periodic mechanical stress compared with non-stressed conditions. the basis for further studies of the mechanisms underlying the mechanosensing abilities and responses of chondrocytes to periodic mechanical stress. The results also demonstrated a key could thus enhance the quality of tissue-engineered cartilage, providing a new approach to building high-quality tissue-engineered cartilage in vitro.
